This paper presents the case study of possible design improvements for 20 MW Vertical Axis Wind Turbine (VAWT) rotors. Structural optimizations of a 3-bladed carbon-fiber H-rotor and Darrieus rotor are performed for different rotor sizes and heights. The results are used to construct rotor mass scaling trends for VAWT rotors. Furthermore, critical failure modes and their driving loads are identified. To mitigate fatigue and buckling in the blade, a non-constant chord distribution is recommended. Furthermore, further research on improving the buckling performance of the H-rotor strut is recommended. 
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I. Introduction
The development of an offshore wind turbine market caused a gain in interest in large wind turbines. For the floating vertical axis wind turbine (VAWT) new design solutions need to be incorporated to yield a cost-efficient 20 MW VAWT. This paper evaluates the influence of the rotor size on the structural rotor performance of multi-megawatt VAWT's.
The objective of this paper is to identify possible design improvements for large vertical axis wind turbines by optimizing the rotor design for power capacities up to 20 MW. Critical failure modes and driving loads are identified and used to identify possible design improvements. The scope of this paper is limited to the structural design of the rotor blade and struts; other structures and systems of the turbine are omitted in the optimization (e.g. the tower and the generator). The structural design of two carbon-fiber rotor configurations are evaluated: the 3-bladed H-rotor and Darrieus rotor, shown in Figure 1 .
II. Methodology
A case study is performed, in which two rotor design configurations are evaluated: the H-rotor and Darrieus rotor. For each case, structural design optimizations are performed. A structural analysis of the rotor structure is performed using a Finite Element Method (FEM) analysis and a limited number of loading conditions and failure modes. A distinction is made between two types of optimization: the preliminary and fixed area optimizations. Both optimization types use the same objective function and design variables. The preliminary optimization uses a fixed height and a variable projected rotor area. The fixed area optimization also uses a fixed height, however a constant projected rotor area is imposed by inequality constraints.
A. Definition of the structural model for the rotor optimization For the numerical optimization it is required to convert the design of the rotor structure into a mathematical representation. A set of design variables are appointed, which are fed to the mathematical representation to initiate a design. In the optimization, the design is structurally analyzed using the FEM software MSC Nastran. The mathematical representations of the rotor blade and struts are used to generate the FEM formulation of the rotor geometry.
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The mass increase of the blades is identified as a limiting factor for upscaling wind turbines. The use of carbon-fiber laminates in the blade design is considered as a good design solution to reduce mass and allow further upscaling. Therefore, the focus is put on carbon-fiber laminates in the optimization.
B. Evaluated loading conditions and failure modes in the optimization
The evaluated loading conditions for the optimization are limited to realize a reasonable optimization time.
Only the parked condition (P) and the normal operation condition at an upwind (UW) and downwind (DW) point in the blade rotation are considered. In Table 1 the assumed conditions in normal operation are stated. For the normal operation condition, the structural analysis accounts for gravitational (Grav), centrifugal (Centr), and aerodynamic (Aero) loads. For the parked condition, the structural analysis only accounts for the gravitational load. The applied safety factors (SF) are taken from the work of Ashuri, 1 see Table 2 .
The aerodynamic load is applied to the blade by a pressure distribution, which is obtained using the results of a 2D unsteady panel model simulation in a potential flow a . The evaluated upwind and downwind point in the blade rotation correspond to the azimuthal angles of the maximum and minimum normal force coefficient. The provided angles of attack are used in XFOIL to obtain pressure coefficient distributions at these azimuthal blade positions. A constant, chordwise pressure coefficient distribution is assumed along the blade. The air velocity perceived by a blade element is simplified to be a summation of the wind speed and the rotational speed. Together, the pressure coefficient distribution and the perceived air velocity yield the aerodynamic load. Table 3 states the evaluated failure modes per loading condition. The structure is analyzed for ultimate strength and (ultimate) buckling for both loading conditions. At the downwind blade position the centrifugal force and the radial aerodynamic force act in the same direction, therefore the flapwise bending moment in the blade is expected to be largest at this position. The flapwise bending moment is assumed to be driving the buckling failure of the structure. To limit the optimization time, buckling is only analyzed at the downwind position of the blade for the normal operation condition.
The fatigue analysis accounts only for the upwind and downwind normal operation conditions at rated wind speed. The fatigue analysis assumes the turbine is operating only at rated wind speed for 35% of its 20 year life time. The rotational speed of the turbine depends on the rotor shape, since the tip speed ratio is kept constant. The product of the time in operation and the rotational speed yields the number of rotations the turbine needs to withstand in its life. 
C. Optimization sequence
The optimization sequence is summarized in Table 4 . First, preliminary optimizations are performed to thoroughly evaluate the designs and their limits. Second, multiple fixed area optimizations are performed to construct scaling trends. In the preliminary optimizations the rotor size is variable. The preliminary optimization uses the baseline rotors as starting point, see The optimization is conducted in Matlab. MSC Nastran is called multiple times to determine the stresses and buckling modes for the different loading conditions. The output of MSC Nastran is processed into optimization constraints, which are used by the optimizer to come to a feasible rotor design.
In Matlab the fmincon function is used. The fmincon function enables finding a minimum of a constrained nonlinear multi-variable function using gradient-based algorithms. A gradient-based algorithm is preferred to a genetic algorithm, since in general gradient-based optimizations have a lower computational cost.
E. Optimization objective function
The proposed optimizations serve the same goal: minimizing cost of the rotor, while maximizing the energy yield of the turbine. The cost of the rotor is assumed to be a linear function of the rotor mass, and thereby neglecting, among others, the manufacturability of the rotor structure.
The power coefficient is assumed to be constant, by keeping the tip speed ratio and blade solidity (the blade chord over rotor radius ratio) constant.
2 A constant power coefficient implies the energy yield of the turbine is a linear function of the projected rotor area.
A constant power coefficient of 0.43 and a blade solidity of 0.067 is assumed. The latter assumptions imply that minimizing the cost of the rotor, while maximizing the energy yield of the turbine, is equivalent to minimizing the rotor mass over projected area ratio. The structural rotor performance is assessed by the value for this ratio. The cross-section of the blade is divided in three structural members: the girders, shear webs and skin, as shown in Figure 2 . No distinction is made between the sides of the strut cross-section when assigning the material properties; together they are considered as a single structural member. Per structural member a carbon-fiber laminate is tailored for the specific application of the structural member.
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Discretization points on the blade and strut axis can be allocated, such that they can be used for dividing them in sections. For the blade 5 sections are used and for the strut 4 sections, see Figure 3 . Per section the laminate thicknesses of the structural members are varied.
The H-rotor uses a straight blade, of which the radial position of the blade is varied. Furthermore, the vertical positions of the struts can be varied independently. The shape of the cross-section of the strut is varied at both ends of the beam by the width and height of the cross-section. The Darrieus blade uses a curved blade, the blade curvature is varied by varying the radial position of 7 midmost control points, see Figure 4 .
The blade chord distribution is not directly specified by any design variables. However, the chord length changes in the optimization, since it is set by the blade solidity.
G. Optimization constraints
The occurrence of failure is identified with the use of failure indices (FI) for all load cases. In general the failure index is determined by dividing the product of the occurring design load and the safety factor by the allowable load, see Equation 1. A failure index value higher than 1 indicates failures.
The failure indices are translated to inequality constraints by subtracting 1, see Equation 2 . A feasible design is indicated by values below zero for all the inequality constraints.
To impose a fixed rotor size (power capacity) on the optimization, the rotor projected rotor area needs to be kept constant. For the H-rotor, a given projected rotor area and rotor height yields the rotor radius. For the Darrieus rotor, a constant projected rotor area is imposed by two inequality constraints.
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III. Optimization results
A. Preliminary results
The results of the preliminary optimizations are stated in Table 5 . For both the H-rotor and Darrieus rotor the critical failure modes are fatigue and buckling. For the H-rotor, the highest fatigue damage is found in the girders and skin near the strut connections, see In Figure 9 , Figure 10 , and Figure 11 ; the internal bending moments and deflection of the structures are shown for respectively the H-rotor blade, the H-rotor strut, and the Darrieus rotor blade. The bending moment and the deflection are decomposed to quantify the contribution of the centrifugal, aerodynamic, and gravitational load to the total. 
B. Scaling trends
The rotor designs resulting from the fixed area optimizations are used as data points to which a curve can be fitted. The values of the optimization objective are plotted against the power capacity in Figure 12 and Figure 13 . The optimized designs which yield a constraint violation of more than 5% are marked. The points minimizing the objective function for the power capacity are connected by the dashed line. (The points which violate the constraints are disregarded. If all the points violate the constraints for a certain size, then the point with minimum constraint violation is selected.) The dashed line illustrates the lower boundary of the optimization objective. In Figure 14 and Figure 15 , the optimization objective is plotted against the diameter-to-height ratio. Scaling trends are constructed of rotor design parameters and masses. The mass scaling trends are constructed using a power curve fit: aP b , in which a is the curve coefficient, b is the curve exponent, and P is the power capacity. The rotor designs corresponding to the lower boundaries of the optimization objective versus the power capacity (dashed lines in Figure 12 and Figure 13 ) are used to construct scaling trends. In Figure 16 and Figure 17 , the optimum diameter-to-height ratio scaling trend for the H-rotor and Darrieus rotor are illustrated by the dashed lines. Figure 18 and Figure 19 show the failure index scaling trends for respectively the H-rotor and the Darrieus rotor.
The work of Ashuri 1 presents optimized 5, 10, and 20 MW HAWT's, which minimize the cost of energy. The corresponding scaling trend is: m blade = 0.0571 · D 2.64 . A new scaling trend is constructed from the data points as function of the power capacity. Figure 20 shows the mass scaling trends of the H-rotor and Darrieus rotor. Additionally, the mass scaling trend of a HAWT rotor from the work of Ashuri is included in the graph.
In Figure 21 and Figure 22 , the total mass of the H-rotor and Darrieus rotor is decomposed in the masses of the structural members. Ult. stress DW Ult. stress UW Ult. stress P Fatigue Ult. buck DW Ult. buck P Figure 18 : Maximum failure index scaling trend of the H-rotor. 
IV. Discussion of the results
A. Identification of the critical failure modes and driving loads of the H-rotor
The scaling trends of the failure indices show that fatigue and buckling (DW & P) are the critical failure modes for both rotor configurations, see Figure 18 and Figure 19 . No clear effect of the rotor size on the failure indices is observed.
Driving loads of the H-rotor
The optimization mechanism of the H-rotor optimization is studied by determining the relation of the rotor radius and the loads. In this study, it is assumed the mass-per-length of the blade is a linear function of the chord. Furthermore, the study assumes the blade loads are the only contributors to the strut bending moment and uses the constant tip speed ratio, blade solidity, and projected rotor area criteria of the fixed area optimization.
The study shows the radial distributed load due to the centrifugal load is not a function of the radius. The radial and tangential distributed loads due to the aerodynamic load are a linear function of the radius, just as the vertical distributed load due to gravity. From the radial distributed load, it follows that the flapwise bending moment in the blade is a function of the radius to the power -2. The edgewise and flapwise bending moments are a linear function of the radius.
The critical failure mode for a large diameter-to-height ratio is buckling and for a small diameter-to-height ratio is fatigue.
2 The simplified study implies that buckling in the strut becomes critical for an increase in the rotor radius (w.r.t. the optimized radius) and fatigue in the blade becomes critical for a decrease in the rotor radius. Notice that in the optimization the mass-per-length of the blade is also a function of the laminate thicknesses. Nevertheless, the simplified analysis gives a good indication about the effect of the rotor radius on the driving loads and critical failure modes w.r.t. the situation for an optimized design.
The difference in bending moment in the H-rotor blade due to the upwind and downwind aerodynamic load is driving the fatigue. The results of the preliminary H-rotor optimization show that the maximum difference in flapwise bending moment is more than one order of magnitude larger than the maximum difference in edgewise bending moment, see Figure 9 . Therefore, the difference in flapwise bending moment is identified as the major fatigue causing load in the H-rotor. The bending moments in the H-rotor strut are the major contributors to buckling. The results of the preliminary H-rotor optimization show that the maximum edgewise bending moment is about twice as large as the flapwise bending moment, see Figure 10 . Therefore, the edgewise bending moment is identified as the major buckling causing load in the H-rotor. The aerodynamic load is the only contributor to the edgewise bending moment.
Driving loads of the Darrieus rotor
The difference in bending moment in the H-rotor blade due to the upwind and downwind aerodynamic load is driving the fatigue. For the Darrieus blade, both the flapwise and edgewise bending moment contribute to the fatigue damage. The difference in flapwise bending moment is the major contributor to fatigue at the sections with large blade curvature. The difference in edgewise bending moment is the major contributor to fatigue at the roots of the blade and is caused by torque ripple. Fatigue due to the difference in edgewise bending moment is underestimated in the optimization, since the fatigue analysis does not account adequately for torque ripple. The flapwise bending moment is primarily carried by the girders and is driving the buckling of the Darrieus blade. The results of the preliminary Darrieus rotor optimization show that, in normal operation at the downwind blade position, buckling occurs first in the girders at approximately x = 45 m, close to a maximum of the flapwise bending moment. At this position, the flapwise bending moment due to the gravitational, centrifugal, and aerodynamic load are all positive. The aerodynamic load is identified as the major buckling causing load, since it is the major contributor to the total bending moment.
At the outboard section of the Darrieus blade the contributions of all the loads fluctuate around zero, see Figure 11a . In this blade section, the flapwise bending moment contributions of the centrifugal and aerodynamic load are a weaker function of the rotor radius w.r.t. the H-rotor, since the flexibility of the blade shape allows alleviating the blade load. The contribution of the gravitational load and the rotor radius have a stronger (positive) relation.
The aerodynamic load is the only contributor to the edgewise bending moment in the Darrieus blade, see Figure 11c . The edgewise bending moment and the rotor radius have a positive relation. Since both the flapwise and edgewise bending moment are expected to increase for an increase in the rotor radius, the Darrieus rotor is expected to converge to relatively low diameter-to-height ratio w.r.t. the H-rotor.
B. Optimum rotor size
In Figure 12 , the curves for the 140 and 180 meter tall H-rotor seem to be convex (disregarding the 3 MW point for the 180 meter tall H-rotor, since it has a large constraint violation). For these rotor heights, the minima of the objective function are believed to lie in the analyzed domain of the rotor power capacity.
In Figure 13 , none of the constant rotor height lines for the Darrieus rotor show a minimum. It is believed that for the 100, 140, and 180 m tall rotors a minimum of the objective function can be found below 3 MW. Taller rotors should be evaluated more extensively to identify optimum rotor designs in the analyzed domain of the rotor power capacity.
The optimum rotor size minimizes the optimization objective function. For both the H-rotor and Darrieus rotor, the lower boundary of the optimization objective versus the power capacity (dashed lines in Figure 12 and Figure 13) shows a positive slope in the analyzed domain of the rotor power capacity. Therefore, the optimum rotor size lies outside the analyzed domain. The positive slope implies that the optimum rotor size can be found below 3 MW.
C. Optimum diameter-to-height ratio
The optimum diameter-to-height ratio minimizes the optimization objective function. In Figure 14 and Figure 15 , the objective function versus the diameter-to-height ratio is plotted for the H-rotor and Darrieus rotor.
For the H-rotor, the lines of the 140 and 180 meter tall rotor seem to be convex. For these rotor heights, the minima of the objective function are believed to lie in the evaluated domain of the diameter-to-height ratio. The 100 meter tall rotor is evaluated for relatively high diameter-to-height ratios. More points need to be evaluated for this rotor height to identify a possible minimum.
Also the lines of the Darrieus rotor need more points to identify a possible minimum. It is believed that the minima of the objective function can be found for lower values of the diameter-to-height ratio. Notice that low diameter-to-height ratios look promising for the Darrieus rotor design on a subsystem level, but may yield poor performance on a system level. For example a decrease in the diameter-to-height ratio increases rotor tower length, which can have an adverse effect on the cost of energy.
In Figure 16 , the optimum diameter-to-height ratio seems to fluctuate around 1 for the H-rotor. All the evaluated points are displayed to show the restrictions of identifying the optimum rotor designs for the power capacity. Many of the rotor designs show a constraints violation of more than 5%. The designs that do not violate the constraints with more than 5% have a diameter-to-height ratio close to 1.
In Figure 17 , the optimum diameter-to-height ratio scaling trend for the Darrieus rotor is illustrated by the dashed line. In this case, the evaluated rotors with a relatively low diameter-to-height ratio appear to be the optimum rotor designs. However, data points for lower diameter-to-height ratios are missing (except for the 3 MW design). Therefore, the optimum diameter-to-height ratio of the Darrieus rotor is hard to judge. Notice that only the 15 and 20 MW Darrieus rotors are evaluated for a 260 m rotor height. For these rotor sizes, the additional evaluated rotor height provides more variation in the diameter-to-height ratio of the optimized Darrieus rotors, which can affect the scaling trends of the Darrieus rotor.
D. Relative mass contribution of the structural members
For the H-rotor, the scaling trends for the structural members of the blade (the girders, shear webs, and skin) roughly have the same curve exponent, see Figure 21 . Therefore, the relative mass contribution of the structural members to the total blade mass stays nearly constant for the power capacity. The mass of the struts grows faster than the mass of the structural members of the blade, therefore its mass contribution gets more dominant for an increase in power capacity.
For the Darrieus rotor, no large differences exist in the curve exponent of the girders and skin mass scaling trends, see Figure 22 . However, the curve exponent of the shear web mass scaling trend is significantly larger.
Despite the large curve exponent, the shear web remains the lightest structural member for the analyzed domain of the rotor power capacity.
E. Comparison of the VAWT and HAWT mass scaling trends
Since the cyclic load in VAWT's is not an inertial load, it is believed that they are less of a limiting factor for further upscaling of wind turbines. The limit of upscaling can be assessed by the curve exponent of the mass scaling trend. The scaling trends resulting from the fixed area optimizations are shown in Figure 20 . The curve exponent of the Darrieus rotor is lower than that of the HAWT rotor, in contrast to the curve exponent of the H-rotor. Based on these observations, it is believed that the limit of upscaling for the HAWT rotors is found at lower sizes than for the Darrieus rotor. Notice that a design of a different material would not only impose a change in curve coefficient, but also a change in curve exponent.
F. Possible rotor design improvements for 20 MW rotors
With respect to the outboard section of the Darrieus blade, the inboard section carries large flapwise and edgewise bending moments. Therefore, from a structural point of view, a significantly larger moment of inertia of the blade cross-section should be allowed in the design at the outboard section. This can be enabled by controlling the cross-section shape and chord length and is expected to yield significant mass reduction in the rotor structure by mitigating fatigue and buckling.
Fatigue and buckling in the blade could be mitigated by reducing the flapwise bending moment contribution due to the aerodynamic load at the strut connection. One possibility is to use a variable chord length along the blade length. Using a relatively small chord length at the blade tip reduces the aerodynamic load far away from the strut connection and thereby the flapwise bending. Furthermore a larger chord length at the strut connection can reduce the stresses due to bending by the increase in moment of inertia. Namely for the 20 MW H-rotor, the strut becomes an important contributor to the rotor mass. To reduce the strut mass, the buckling performance of the strut should be improved. Other cross-section shapes than the rectangular cross-section should be explored.
V. Conclusion and recommendation
A. Conclusions
The methodology of this paper forms a good basis for developing scaling trends for VAWT's. The scaling trend of a rotor is constructed by a power curve fit, which uses a limited number of data points corresponding to the optimized designs. A change of a single data point can have a significant effect on the fitted curve, and thereby the scaling trend. Therefore, it is important to use representative data points (optimized designs). A representative data point is a good approximation of the global optimum of the optimization problem. Furthermore, a representative data point should correspond to a sound design solution. This requires that the formulation of the optimization problem yields a good representation of the design problem. For this paper, the formulation of the optimization problem uses some important restrictions and assumptions to confine the design space, which are listed below.
• Restrictions on the blade and strut shape; e.g. airfoil shape and constant chord distribution.
• Imposing a constant tip speed ratio and rotor solidity.
• Applied materials and corresponding material strengths.
• Laminate and sandwich layups.
• Considered loading conditions.
• Considered failure modes and the corresponding criteria.
• Values for the applied safety factor.
The objective of this paper is to identify possible design improvements for large vertical axis wind turbines by optimizing the rotor design for power capacities up to 20 MW. A variable cross-section shape and chord length of the rotor blades can further reduce the blade mass by allowing a relatively high moment of inertia at highly loaded blade sections. The buckling performance of the H-rotor strut should be improved for further strut mass reduction by controlling the cross-section shape of the strut. A better buckling performance of the strut becomes increasingly important for larger rotor sizes, since the strut mass becomes more dominant for higher power capacities.
The active constraints in the design optimization show the critical failure modes of the rotors. The loads driving the failure modes are identified by decomposing the interal loads in the rotor structure. The critical failure modes and their driving loads are listed below.
• Fatigue is the critical failure mode in the H-rotor blade and is primarily caused by the difference in flapwise bending moment due to the aerodynamic load.
• Buckling is the critical failure mode in the H-rotor strut and is primarily caused by the edgewise bending moment due to the aerodynamic load.
• Both fatigue and buckling are critical in the Darrieus rotor blade. Fatigue is caused by the difference in flapwise and edgewise bending moment due to the aerodynamic load. Buckling is primarily caused by the flapwise bending moment due to the aerodynamic load.
In the H-rotor design, the strut mass becomes more dominant for a large rotor radius and the blade mass becomes more dominant for a small rotor radius. A diameter-to-height ratio close to 1 is expected to yield the best H-rotor design. For the Darrieus rotor blade, the flapwise and edgewise bending moments have a positive relation with the rotor radius. Therefore, the optimum diameter-to-height ratio of the Darrieus rotor is expected to be low w.r.t. the H-rotor.
B. Recommendations for future work
It is important to use representative data points to ensure a representative scaling trend. Below, recommendations are listed to better formulate the optimization problem and thereby produce more representative data points.
• To allow sufficient variation of the diameter-to-height ratio of the rotor, optimizations should be performed with a variable rotor height. The optimizations will yield better design solutions and the optimum diameter-to-height ratio can be better identified.
• The optimization should enable a better controlled analysis. The analysis can ignore trivial failure modes, such as local buckling at the strut connections and blade roots, since buckling can be relatively easy prevented by local reinforcement at these locations.
• The power capacity of the rotors is determined using many assumptions. A more detailed aerodynamic model can better determine the power. This allows the addition of design parameters to the design space, which have a significant effect on the power capacity of the rotor. For example, the chord distribution, the tip speed ratio, the solidity, and the airfoils can be varied in the optimizations.
• The optimization should ideally be performed on system level. Amongst others, the tower and the generator should be included in the optimization. A good optimization objective for a system level optimization is the cost of energy. This would require a representative cost model.
